ABSTRACT
I
n acute ischemic stroke, leptomeningeal collateral vessels provide blood flow to the ischemic bed of the occluded artery. 1, 2 The extent of collateralization is an independent predictor of a small-lesion volume on follow-up imaging 3 and a favorable clinical outcome. 4 It has been further shown to predict response to intravenous thrombolysis 5 and to determine penumbral tissue loss. 6 Noninvasive imaging of collaterals can be performed by using CT angiography 7, 8 or MR angiography. 9 CTA offers the advantages of a wide availability and short scanning times.
One strategy to assess collateral blood flow in CTA is through grading of collateral vessels in the territory of the occluded artery. 4, 7, 8 Currently, several different grading scores have been published, 10 which differ not only in the number of categories of each score but also in the type of assessment (ie, an assessment relative to the contralateral hemisphere or absolute quantification). The 3 most commonly used scores in the literature include the following: 1) an absolute score assessing the percentage of the ischemic bed in which collateral filling is seen, 3 2) a relative score comparing collateral vessel enhancement within the ischemic bed with similar contralateral vessels, 8 and 3) a detailed relative score comparing collateral vessel enhancement with similar contralateral vessels within each ASPECTS region. 11 Another strategy to assess collateral blood flow is through quantification of hypoattenuated brain tissue in CTA source images. [12] [13] [14] [15] Whereas hypoattenuation in nonenhanced CT (NECT) images represents the brain tissue net water uptake, 16 hypoattenuation in CT angiography suggests an area receiving limited blood flow, which has been shown to correlate with initial diffusion-weighted images 15 and follow-up lesion size. 14 However, this correlation might be heavily influenced by the time point of image acquisition. 13 Recently, Smit et al 17 demonstrated that conventional CTA can fail to capture delayed collateral enhancement. Delay-insensitive CT angiography with acquisition of multiple timeframes can help overcome this limitation. Its value in assessing the maximal extent of collateralization has been shown in several studies. 5, 17, 18 However, the time point of image analysis might play an important role in correctly assessing the prognostic value of the collateralization.
The aim of our study was the following: 1) to determine the optimal time-phase for reconstruction of the dynamic CTA images to best predict follow-up lesion volume, and 2) to compare the predictive value of the volume of hypoattenuation with different collateral vessel grading scores.
MATERIALS AND METHODS

Study Design and Population
The institutional review board approved the retrospective study and waived the requirement for informed consent. Our initial cohort consisted of 1912 consecutive patients who underwent initial whole-brain CT perfusion for suspected acute ischemic stroke at our institution between April 2009 and April 2014. From this cohort, we included all patients with complete occlusion of the middle cerebral artery in the M1 segment, with or without an occlusion of the internal carotid artery, on both conventional and dynamic CTA. We excluded patients with the following: 1) Incomplete or missing whole-brain CTP raw datasets 2) Missing follow-up NECT or MR imaging acquired at least 1 day after initial CT perfusion imaging 19 3) Nondiagnostic quality of conventional CTA or dynamic CTA.
Data on the time of symptom onset, treatment with intravenous thrombolysis, and mechanical recanalization were collected by review of the medical charts.
CT Examination Protocol
The multiparametric CT protocol consisted of an NECT to exclude intracranial hemorrhage, supra-aortic CTA, and wholebrain CT perfusion, all performed by using one of the following CT scanners: Somatom Definition ASϩ, a 128-section CT scanner; Somatom Definition Flash, a 128-section dual-source CT scanner; and Somatom Definition Edge, a 128-section CT scanner (all by Siemens, Erlangen, Germany).
Conventional CT angiography was acquired in a caudocranial direction with a 2-second delay after bolus triggering in the aortic arch (cutoff value ϭ 100 HU). Images of whole-brain CTP were obtained with 0.6-mm collimation and 100-mm scan coverage in the z-axis by using a toggling-table technique. One scan was acquired every 1.5 seconds. Tube voltage and current were 80 kV and 200 mAs, respectively. CT dose index was 276 mGy. A total of 35 mL of iodinated contrast agent was administered at a flow rate of 5 mL/s, followed by a saline flush of 40 mL at 5 mL/s. Thirtyone axial sections were reconstructed per view with a thickness of 10 mm and an increment of 3 mm.
Dynamic CT Angiography Image Processing
CT perfusion raw datasets were reconstructed as dynamic angiographies by using the syngo CT Dynamic Angio module and syngo via, VA 20 (Siemens). The image processing included motion correction and automated bone removal. Dynamic angiographies were then represented as source images and temporal MIPs. Computation of temporal MIPs included a 4D noise reduction; our approach was previously described by Smit et al. 20 We created 3 different temporal MIPs representing the arterial phase, the arteriovenous phase, and the venous phase, to determine differences in collateral vessel enhancement with time. We created temporal MIPs of the different phases rather than using source images acquired at a single time point, to optimize quality because temporal MIP computation included the aforementioned 4D noise reduction. This process has been shown to increase the signal-tonoise ratio, vessel contour, detail visibility, and overall image quality. 20 For standardization and adjustment for interindividual differences in circulation times and bolus dispersion, we used the time point of peak contrast enhancement of the contralateral MCA to separate arterial and arteriovenous phases and the time point of peak contrast enhancement of the superior sagittal sinus to separate arteriovenous and venous phases (Fig 1) .
Image Analysis of CTA and Dynamic CTA
Quantification of Regions of Hypoattenuation. OsiriX, Version 4.0, imaging software (http:// www.osirix-viewer.com) was used for 3D assessment of regions of hypoattenuation by using a method previously described for CT perfusion deficit assessment. 21 We manually segmented the region of hypoattenuation on every axial section of the temporal MIPs by using the OsiriX Closed Polygon Tool to create a region of interest; thus, the extent of the hypoattenuation could be evaluated by comparison with the contralateral hemisphere. Figure 2 shows representative examples. The region volume was then calculated by using the OsiriX volume calculation tool. According to previous studies on the quantification of the region of hypoattenuation, 13 window and level settings were adjusted by the reader to increase the contrast between normal and hypoattenuated brain tissue.
Grading of Collateral Vessels. All images were reconstructed with a section thickness of 20 mm to increase the visualization of vessel continuity. We assessed collateralization in conventional CT angiography and temporal MIPs of the arterial, arteriovenous, and venous phases. Collateral vessels were graded by using 3 previously described and evaluated scores (On-line Table 1 ). For relative collateral grading in dynamic CT angiography, we used contralateral arterial vessel status as a reference to prevent venous superimposition. Collaterals were assessed separately for each phase and each score.
In addition, we assessed CT angiographic datasets for an additional ICA occlusion and a visible early temporal branch before the occlusion because these have been shown to affect final infarct size.
22
Follow-Up Image Analysis
MR imaging or NECT acquired at least 1 day after the initial multiparametric CT was used to assess follow-up lesion volume. In MR imaging, lesions were assessed as volumes of relatively increased signal in the DWI sequence with a b-value of 1000 s/mm 2 and concomitant decreases in the apparent diffusion coefficient. On NECT, lesions were assessed as volumes of relative hypoattenuation. Volumetric analyses of either MR imaging or NECT datasets were performed by using OsiriX, Version 4.0, as described above, for regions of hypoattenuation analysis.
Image analysis was performed by 2 readers: 1 board-certified radiologist (W.H.S.) with 10 years of experience in neuroimaging, and 1 reader (S.E.B.) with 2 years of experience in acute stroke imaging. Quantitative measurements (eg, drawing of ROIs) were performed by the less experienced reader. In unclear cases, the more experienced reader was consulted. The readers were blinded to clinical data and follow-up imaging.
Statistical Analysis
We performed all statistical analyses by using SPSS (Version 22.0; IBM, Armonk, New York) and the open-source R statistical computing software, Version 3.0.3 (http://www.r-project.org).
All metric and normally distributed variables are reported as mean Ϯ SD; non-normally distributed variables are presented as median with first-third quartiles. Categoric variables are presented as frequency and percentage.
Normal distribution was assessed by using histogram methods for the variable follow-up lesion volume. Square root transformation was performed for normalization of the dependent variable in regression analysis in case of non-normal distribution. Univariate linear regression analysis was used to test the association between predictors and follow-up lesion volume as outcome. The following variables were included as predictors: age, sex, time from symptom onset to initial imaging, time to follow-up imaging, additional ICA occlusion, visible early temporal branch, intravenous thrombolysis, and mechanical recanalization.
Multivariate linear regression was used for adjusted analyses of collateral scores and volume of hypoattenuation for follow-up lesion volume. Variables significantly associated with a favorable outcome (P Ͻ .2) in the univariate regression were included in the multivariate models with the collateral scores or volume of hypoattenuation. The 4-point absolute and the 5-point relative scores were entered as ordinal variables. Volume of hypoattenuation and the 20-point relative score were entered as continuous variables. P values Ͻ .05 were statistically significant. Residual plots (independent variable: regression standardized predicted value; dependent variable: regression standardized residual) and normal probability-probability plots of regression standardized residuals were generated to evaluate linear regression models.
Multivariate regression models were compared on the basis of the adjusted coefficients of determination (adjusted R 2 ) and the Bayesian information criterion (BIC). Differences in BIC of 2-6 were regarded as "positive"; 6 -10, as "strong"; and Ͼ10, as "very strong."
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RESULTS
Study Population
Among our cohort of 1912 patients and after exclusion of noncomplete raw datasets, 165 patients showed complete M1 occlusion on conventional and dynamic CT angiography and were included in further analyses. Among these, we further excluded 22 patients due to missing follow-up imaging and 7 patients due to nondiagnostic quality of dynamic CTA. The remaining 136 patients constituted the study cohort. Figure 3 illustrates the detailed patient flow chart of the study cohort. 
Baseline Characteristics
The mean age was 70 Ϯ 14 years (range, 28 -97 years). Fifty-six (41.2%) patients were male. Ninety patients (66.2%) were treated with IV thrombolysis, and 72 patients (52.9%) underwent mechanical recanalization. Among these, 57 patients (41.9%) were treated with IV thrombolysis and mechanical recanalization. Median follow-up lesion volume was 79 mL (first-third quartiles ϭ 19 -218). Because follow-up lesion volume was not normally distributed, square root transformation was performed for this variable for further analysis. Patient characteristics and the results of univariate linear regression analyses for the square-root-transformed follow-up lesion volume are given in Table 1 .
Collateral grades were lowest on conventional CTA. In dynamic CT angiography, collateral grades were highest in the arteriovenous phase and were slightly lower in the arterial phase than in the venous phase. The volume of hypoattenuation was highest in conventional CTA and decreased continuously from the arterial to the venous phase. The detailed results of collateral vessel grading systems are presented in On-line Table 2 .
Optimal Time-Phase for Collateral Assessment
The models containing collateral grading assessed in the arteriovenous phase of dynamic CTA showed the best model fit (highest adjusted R 2 , Table 2 ) in multivariate linear regression analyses for follow-up lesion volume controlling for the variables sex, additional ICA occlusion, time to follow-up imaging, early temporal branch, IV thrombolysis, and mechanical recanalization. This was seen independent of whether the models contained the volume of hypoattenuation or any collateral grading score.
For the model containing the volume of hypoattenuation, model fit (adjusted R 2 ) was 0.614 in the arteriovenous phase, compared with 0.483 in conventional CTA (BIC difference ϭ 39.9, indicating a very strong difference between the 2 models), 0.576 in the arterial phase (BIC difference ϭ 15.8, also indicating a very strong difference), and 0.586 in the venous phase (BIC difference ϭ 9.6, indicating a strong difference). Figure 2 presents examples comparing conventional and dynamic CT angiography in a typical patient. On-line Fig 1 illustrates the plots of the residuals of the multivariate regression models.
For the model containing the 4-point absolute score, BIC difference between the arteriovenous phase and the conventional CTA, arterial phase, and venous phase was 16.7 (very strong), 5.7 (positive), and 20.7 (very strong), respectively. For the model containing the 5-point relative score, the BIC difference between the arteriovenous phase and conventional CTA, arterial phase, and venous phase was 17.1 (very strong), 16.8 (very strong), and 26.5 (very strong), respectively. For the model containing the 20-point relative score, the BIC difference between the arteriovenous phase and conventional CTA, arterial phase, and venous phase was 12.0 (very strong), 15.6 (very strong), and 27.4 (very strong), respectively (Fig 4) .
Volume of Hypoattenuation versus Collateral Vessel Grading Scores
In the multivariate linear regression analysis for follow-up lesion volume controlling for the variables sex, additional ICA occlu- sion, time to follow-up imaging, early temporal branch, intravenous thrombolysis, and mechanical recanalization, the models containing a volume of hypoattenuation showed a better model fit (adjusted R 2 ) than models containing any of the collateral ves- Table 2 ). BIC analyses confirmed these results and showed a very strong preference (BIC difference ϭ Ͼ10) for models containing the volume of hypoattenuation in conventional CTA and in all phases of dynamic CTA. Among collateral vessel grading scores, the BIC favored the model containing the 20-point relative score in conventional CTA (BIC difference ϭ 17.8, indicating a very strong difference). In dynamic CTA, there was also a preference for the 20-point relative score in the arterial phase (BIC difference ϭ 3.3), in the arteriovenous phase (BIC difference ϭ 13.2, indicating a very strong difference), and in the venous phase (BIC difference ϭ 6.5, indicating a strong difference). Figure 5 shows 2 examples of the volume of hypoattenuation and collateral vessels in all 3 phases of dynamic CTA and the infarct on follow-up in a typical patient.
DISCUSSION
Our data demonstrate the volume of hypoattenuation to be a stronger predictor of the follow-up lesion volume than collateral vessel grading scores. Dynamic CTA, particularly if assessed in the arteriovenous phase, was superior to conventional CTA in predicting the follow-up infarction volume.
Our findings are in line with and extend those of prior reports showing that the degree of collateralization is an independent predictor of tissue outcome. 4, 5, 23 Most of these studies were performed by using conventional CTA for collateral assessment. So far, no consensus has been reached on how to standardize collateral assessment. Different approaches included the quantification of the volume of hypoattenuation in CTA source images 12, 13 and the use of different collateral vessel grading scores. 10 In our study, we demonstrate the volume of hypoattenuation to be a stronger predictor of tissue outcome than collateral vessel grading scores in both conventional and dynamic angiography. While collateral vessels correspond to the macrocirculation within the ischemic bed, attenuation values correlate with parenchymal contrast material arrival and may therefore be considered an indicator of effectiveness of collateral blood supply. 24 This effectiveness may depend on not only the status of the macrocirculation but also other factors such as cerebral perfusion pressure 1 and may therefore be a better prognostic marker. Another crucial aspect in collateral blood flow imaging by using conventional CT angiography is the time point of image acquisition. Triggered protocols that cover the phase of peak arterial enhancement have already found their way into clinical routine because they reliably detect arterial occlusions, stenoses, and aneurysms. 13, 17 However, image acquisition at an early arterial phase can fail to capture delayed collateral contrast material arrival. 17 Using delay-insensitive dynamic CTA, Smit et al 17 could
show that the presence of a delayed collateral enhancement may still be an important predictor of a good outcome. While important information has been added to the previously described value of conventional CT angiography, 25 the optimal time point for collateral evaluation has not been assessed. Other studies demonstrated that the application of different CTA acquisition protocols has a substantial effect on the correlation with concur- Note:-R 2 indicates the adjusted coefficient of determination corrected for sex, time to follow-up imaging, additional ICA occlusion, visible early temporal branch, IV thrombolysis, and mechanical recanalization. It is an indicator of model fit; higher values indicate a better explanation of the variance of the outcome variable. a Overall, dynamic CTA allows a better prediction of follow-up lesion volume than conventional CTA. Specifically, model fit was highest for reconstructions of dynamic CTA images within the arteriovenous phase. Models containing the volume of hypoattenuation performed better than models containing any of the collateral vessel grading scores.
rently acquired CT perfusion 26 and MR diffusion-weighted images. 13 Independent of the approach chosen to evaluate the collateralization status, our results suggest an optimal prognostic value of collateralization when assessed during the arteriovenous phase. Notably, the prognostic value was lowest in conventional CT angiography, which is acquired in a caudocranial direction with a 2-second delay after bolus triggering in the aortic arch (cutoff value ϭ 100 HU) at our institution. This finding is in line with those in previous studies showing that early scan acquisition might fail to capture the full extent of collateral enhancement. 17 Furthermore, our results indicate that collateral assessment in dynamic CTA during the venous phase has a worse prognostic value than assessment during an earlier phase. Two possible reasons for a worse prognostic performance of the late venous phase compared with the earlier arteriovenous phase may be an overestimation of collateral blood flow due to concurrent enhancement of venous vessels and an important role of collateral filling time, which cannot be accounted for in the late venous phase. The superiority of the arteriovenous phase may also have important implications for standardization of collateral blood flow assessment by using conventional CT angiography because it might not be necessary to perform image acquisition during a delayed venous phase. Instead, the arteriovenous phase might allow an optimal assessment of occlusions and of collateral blood flow.
Our data should be interpreted in the context of the study design. As a retrospective study, there is a potential for bias in patient selection. The use of a large cohort of consecutive patients and standardized protocols for patients with suspected stroke, however, helped to reduce these confounding factors. Furthermore, although patients with mechanical recanalization and treatment by intravenous rtPA were included, the state of recanalization between initial CT and follow-up imaging was not assessed. Lack of recanalization leads to larger volumes of infarction and reduces the correlation between initial and follow-up lesion volumes.
14 Thus, different rates of recanalization might alter the correlation between the collateral status at different time-phases and the follow-up lesion volume. Finally, assessment was performed in consensus readings. The purpose of this study was not to test interobserver agreement but to compare the predictive value of different strategies at different time-phases.
CONCLUSIONS
We demonstrated that the type of collateral blood flow assessment is an important cornerstone for estimating the final infarct volume. Among all strategies tested, the use of dynamic CTA within the arteriovenous phase, including the quantification of the volume of hypoattenuation, is the best-suited technique to assess collateralization. This technique may help to reliably assess the collateralization status and to make a first prognostic statement in the acute stroke situation.
